Bergen city centre is prone to both subsidence and flooding. With a predicted increase in precipitation due to climate change, a higher proportion of rainfall becomes surface runoff, which results in increased peak flood discharges. In addition, it has been predicted that sea-level rise and increasing storm surges will result in coastal flooding. In this study, the dual hazards of flooding and subsidence are analysed to exemplify possible risk assessment maps for areas most prone to the combination of both. Risk assessment maps are a support tool to identify areas where mitigation of subsidence and adaptation for surface water management will be most efficient and measures can be implemented. The results show that dual hazard assessment, like that described in this paper, can be a useful tool for decision-makers when prioritizing areas to implement measures such as Sustainable Urban Drainage Systems. This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying, adaptation and redistribution, provided the original work is properly cited
INTRODUCTION
It is expected that 60% of the world's population will be living in urban areas by 2030, and most of this area has yet to be built (UN ). The pace of urban growth may be overwhelming and exert tremendous pressure on the catchment hydro(geo)logy in general and urban drainage in particular (Marsalek et al. ) . The built urban infrastructure, with asphalt and concrete-covered ground surfaces, alters hydrologic abstractions and water flow found in natural catchments (Bolund & Hunhammar ) . It has been predicted that climate change will increase precipitation (Hanssen-Bauer et al. ) , and a higher proportion of rainfall will become surface runoff, which, in turn, will result in increased peak flood discharges and degraded water quality (Haughton & Hunter ) . In addition, the sea level is predicted to rise by up to 1 m by 2090 (Hanssen-Bauer et al. ) . Changes in the urban environment due to growth in addition to climate change put the urban water cycle out of balance, thereby affecting other surface and subsurface processes, such as flooding In order to provide communities with urban infrastructures that are durable and well-functioning, climate change impact and adaptability assessments are vital (Pregnolato et al. ) . Flood modelling is a useful tool for planning floodways, identifying areas for mitigation measures and for bringing awareness of water issues into decision-making processes in urban areas (Fletcher et al. ; Albano et al. ; Boogaard et al. a, b; Lyu et al. ) . Hence, risk assessment mapping can be further used for identifying areas for the implementation of Sustainable Urban Drainage Systems (SuDS), such as swales, to infiltrate water into the ground and to sustainably manage surface water in urban areas (Venvik & Boogaard submitted) . More knowledge is needed to understand the urban water balance and the processes connected to water to prevent and counteract subsidence that can cause damage and unforeseen expenses.
Increased knowledge and understanding of the urban water cycle in the transitional zone between the built and natural environment is necessary. In the case of Bergen city centre, past research has shown that the subsidence to a large degree is driven by the depletion of water in the under- Bergen is a coastal city where the annual precipitation is high, 2,250 mm/year (NMI ). The city is therefore prone to water-related damage caused by pluvial flooding, storm surges and stormwater flooding. 
STUDY AREA AND DATA
Bergen is the second-largest city in Norway, located on the west coast, with an area of 464 km 2 and a population of 278,556 (SSB ). The city has an annual average temperature of 8.6 C and an annual precipitation of 2,250 mm (NMI ). The climate is predicted to become wetter with more intense and frequent downpours, which will increase the pressure on surface water runoff and stormwater management (Hanssen-Bauer et al. ) . The topography of Bergen city centre, as well as the surrounding areas, encompasses steep hillsides covered with forest vegetation on thin soil cover, down to flat-lying former shorelines with thicker natural sediments and anthropogenic layers. A 1 km relief goes from Fløyen (at 320 m a.s.l.) to Bryggen (at 1 m a.s.l.) ( Figure 1 ).
These natural conditions make surface runoff water abundant.
The study area has been constrained to the city centre, including the Medieval city and its surrounding area. In the city centre, the anthropogenic cultural heritage layers are thick with a rich organic content locally more than 10 m thick ( Figure 2 ). The old shoreline from the 12th century (Hansen ) is shown in Figure 2 . Since Bergen has close to no isostatic land uplift (Mangerud ) , the progressing shoreline of today is due to filling of the anthropogenic material such as waste into the bay area, Vågen. These layers are more prone to destruction due to lack of infiltration of surface water; therefore, the Bryggen project was initiated in 2010 to save the UNESCO World Heritage site of the Bryggen is an example where measures have been taken by implementing SuDS to infiltrate surface water into the subsurface to increase soil moisture and groundwater level and thereby preserve the cultural layers and stabilize the ground Venvik & Boogaard submitted).
Drainage system in Bergen city
To handle the surface water and stormwater, Bergen city has a drainage system with the purpose of transporting water effectively out of the city. In the greater parts of the city, especially in the inner centre, the stormwater is brought together with the wastewater from the industry and household ( Figure 2 ; Bergen Kommune ). When intense rainfalls occur, the capacity of the drainage system is strained, which may cause the emission of wastewater. Since the relief in the city centre is steep ( Figure 1 ) and the surface has low permeability, flooding arises when large and intense rainfalls occur in short time spans. Due to climate change, events with downpour will be more intense and frequent. This, in addition to predicted sea-level rise, will give more frequent and intense flooding where there are topographic depressions (Hanssen-Bauer et al. ) , as seen in Figure 3 .
For this study, we included a dataset of the pipelines for wastewater and sewage. It should be noted that the sewage system may be a combined stormwater and sewage, or a separate system: these are not differentiated in the dataset (Bergen Kommune ).
Flood modelling
Pluvial, urban flooding has received increased attention over the last decade (Mignot et al. ) , due to the costly damage 
Subsidence data
The subsidence data used in this study were produced by the For this study, a threshold for the PSI data was set to À1 mm, only negative vertical movement, subsidence, from À1 mm and larger was included. All data with values 0 mm or more, positive (þ) vertical movement was discarded.
METHODOLOGY -RISK ASSESSMENT APPROACH
The Geographical Information System tools such as ArcGIS and ArcGIS Pro (ESRI ) were used for the analysis in this study, with the aim of detecting areas with a risk of both subsidence and flooding. To prepare the datasets for analysis, the results from the flood model were georeferenced and vectorized and clipped against the shore. The original flood model consisted of many small and scattered polygons.
Since the focus was on areas with severe flood problems, flood polygons spaced closer than 3 m were aggregated, while the areas smaller than 10 m 2 were removed. Then, the results from the pluvial flooding were merged with the 200-year storm surge data. Only PSI points with more than 1 mm/year subsidence were used ( Figure 5 ). The uncertainties connected with these datasets will be discussed later.
The first and simplest overlay is a plain visual overlay of the input data, showing flood data (blue areas in Figure 6 (a)) with subsidence data (red points in Figure 6 analyses the clustering of subsidence within areas prone to flooding ( Figure 6(f) ).
Description of the simple grid overlay method (1)
In the first method, grids of different sizes are created followed by a selection of grid cells that cover areas with a risk of both flooding (Figure 6(a) ) and subsidence ( Figure 6(b) ). See 
RESULTS AND DISCUSSION
The areas identified to be at dual risk in this study could further be targeted for mitigation measures that allow surface water to infiltrate the subsurface. Firstly, such measures would help maintain the anoxic conditions 
Datasets and selected methods for analysis
A visual analysis of the input data reveals an image of a city widely affected by subsidence and flooding after heavy rainfall or storm surges, as shown in Figure 7 . To make visual analysis easier, the PSI data are shown with points of increasingly darker red for higher degrees of subsidence.
The flooded areas are shown in blue. Areas most prone to flooding and subsidence become prominent in this visualization (Figure 7) .
Subsidence data
It should be noted that PSI datapoints may represent points on the ground or points on the city infrastructure, such as buildings. Any hard object on the surface may reflect a signal. As such, there is always the possibility that individual points are measuring the deformation of the city infrastructure or in the building itself, and not ground subsidence.
Additionally, the PSI technique does not return any measurement in vegetated areas, such as yards or parks.
Nonetheless, more than 300,000 datapoints were used in this study providing orders of magnitude more information than could have been obtained using traditional surveying techniques. Although there are many historic buildings in the area, most have been rehabilitated in the last decade and we do not expect that building deformation is a significant part of what is measured. Therefore, we have great confidence that PSI data are suitable for the risk assessment. Figure 7 | The PSI data indicates that subsidence is shown in red and the flooded areas in blue. With an overlay of the two datasets, the map shows a city widely affected by subsidence as for areas prone to flooding.
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Corrected Proof
In this study, all PSI points with more than 1 mm subsidence are included. The exact value of vertical velocity is not used in either of the analyses, only the presence in the simple grid overlay (method 1, Figure 8 ) and the cluster of points in the 'hot spot analysis' (method 2, Figure 9 ). For method 2, a visual control of the result shows that areas of high value are also selected as hot spot areas.
Flood data
Results from the urban flood modelling, used in this study, emphasize the areas prone to flooding (Boogaard et al. Simple grid overlaymethod 1
For the simple grid overlay with grid sizes of 10 × 10 m and 20 × 20 m, the result is numerous small areas as shown in Figure 8 . It is clearly illustrated in the case of the city centre that a simple grid overlay method gives minimal guidance for authorities as to which areas should be prioritized for dual hazard mitigation. Due to the characteristics of the two datasets; flooded areas in streets and PSI data on ing and subsidence are distinguished, as shown in Figure 8 .
'Hot spot analysis' -method 2
The hot spot analysis, method 2, does the narrowest selection of areas, using the aggregated flood data and a count of subsidence hot spots within each 20 × 20 m grid cell ( Figure 9 ). The results show that within our study area, there are several areas of significance. For a decisionmaking process, it would be easier to prioritize areas for mitigation using the 'hot spot analysis' for risk assessment mapping, as shown in Figure 9 .
Risk assessment map combined with the existing drainage system
As an example of usability, the risk assessment maps from the simple overlay analysis (method 1, 20 × 20 m grid cells) and the 'hot spot analysis' (method 2) have been combined with the existing drainage system. A 'near-analysis' with 3 m radii of areas in dual hazard and pipelines intersect shows areas where the drainage system is under great pressure when heavy and rapid rainfall or a storm surge occurs ( Figure 10 ). This is standard procedure within water management (Marsalek & Chocat ; Marsalek et al. ) . However, this study shows the connected drainage pipes and manholes that in addition to high water pressure and excess surface water are prone to ground subsidence that may cause damage and disconnect the pipes ( Figure 10 ). In these areas, it is expected that the drainage system has a greater need for maintenance and thereby costs. is no prioritizing, and one can argue whether this map result is of any benefit to Bergen's decision-makers other than seeing that there are large areas of dual hazard. It may also contribute to a loss of information due to the cartographic overlay of the input dataset (Figure 11(a) ).
Nonetheless, the result does suggest that there is a need for general guidelines for city management and building owners. At this level of detail, and if the target user group was property owners, the method can focus on buildings that are prone to flood and subsidence. A 'near-analysis'
would possibly be a better alternative as exemplified with pipelines in Figure 10 . The results from the 'hot spot analysis' (method 2) are more selective and areas are clearly prioritized (Figure 11(c) ). For scientific research on the relationship between flooding and subsidence, or for the municipality to select areas for greater follow-up, this method gives significant results for the clearest selection of areas (Figures 9 and 11) .
Risk assessment as a tool for end-users and results from this study may help the Bergen Municipality to plan mitigation and further adaptation to prevent areas of flooding, by increasing infiltration of surface water and decreasing flooding, as well as the processes causing subsidence as exemplified in Venvik & Boogaard (submitted) .
Managing stormwater is not just important for protecting water resources and aquatic ecology but also to restore urban water cycle processes that are critical to the health of urban watersheds. These include infiltration and groundwater recharge, evapotranspiration and chemical/biological (light orange colour) metre grid cells are all containing both flood risk and subsidence. (c) In method 2, fewer areas are selected based on a 'hot spot analysis' on subsidence bounded by the existence of aggregated flood data. The colour nuance reflects 99%, 95% and 90% confidence levels as displayed in Figure 9 .
transformations, especially due to more frequent and intense rainfall and flooding (UN-Water ).
CONCLUSIONS
There is a link between areas that suffer from subsidence and areas with an excess or shortage of water. The aim of this study was to locate areas in Bergen city centre that are prone to the dual hazard of subsidence and flooding.
This was achieved by processing existing data and maps that identify areas prone to PSI data for risk of subsidence, a flood model map and a storm surge map for areas prone to flooding.
We have demonstrated that a 'hot spot analysis', for the subsidence data within areas prone to flooding, provides an effective means of selecting areas for further field evaluation. Data for climate adaptation analyses are increasing and open access. The method can easily be repeated with updated PSI and flood data. The areas selected are constrained and could serve as a starting point in prioritizing areas by the municipality for detailed hydrological and hydrogeological studies of the urban water cycle and further implementation of water management solutions, like SuDS.
The subsurface in cities is complex due to a mixture of natural and built environments. The processes causing subsidence are not easily understood but are commonly related to water. Increasing infiltration of surface water may prevent the processes causing subsidence. Managing stormwater in this way is not only important for protecting water resources and the aquatic environmentit can help restore and maintain urban water cycle processes critical to making cities resilient to the effects of climate change.
Further work
The increased availability of data, both large datasets and timeseries, makes analyses, such as the risk assessment pre- This study will be expanded to categorize PSI data indicating subsidence by trends in timeseries and combining them with other datasets. This would increase the knowledge of the subsurface processes and the effects of interventions, and thereby ultimately identify effective actions to decrease effects related to the urban water cycle.
Further, end-users should be involved in the development of risk assessment maps, for example in the evaluation of the usability of prototypes, like the ones presented here. Choosing an adequate method for risk assessment with the end-user tasks in focus is important and will give more applicable results. Trying out multiple methods for analysis and visual analysis for quality control of map results was emphasized in this study and is strongly recommended in further studies.
